ABSTRACT The integrated services digital broadcasting-terrestrial (ISDB-T) system is designed to individually configure transmission parameters of each orthogonal frequency division multiplexing (OFDM) segment using band segmented transmission OFDM (BST-OFDM). Since the pilot configuration relies on whether a segment is a differential or coherent modulation, it is important to develop the frequency-offset estimation scheme that conforms to the segment-dependent pilot structure in the BST-OFDM system. This paper proposes an efficient sampling frequency offset (SFO) in the ISDB-T system using BST-OFDM. Extensive simulations are conducted not only to verify the effectiveness of the proposed SFO estimation scheme but also to compare the new scheme with the conventional scheme. It has confirmed that the performance of the proposed SFO estimation algorithm is better than that of the existing algorithm at a reduced computational cost.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is a preferred technology for wireless communications to achieve excellent spectral efficiency and robustness to frequency selective fading. Because of its attractive features, OFDM has been considered as a multiplexing technique for emerging wireless broadcasting systems such as advanced television systems committee (ATSC), digital television/terrestrial multimedia broadcasting (DTMB), integrated services digital broadcasting-terrestrial (ISDB-T), and digital video broadcasting-terrestrial-second generation (DVB-T2) [1] - [4] . They are first-generation international digital television terrestrial broadcasting (DTTB) standards. Although the DTTB standards share common transmission structure, they have their own technical characteristics [5] , [6] . To enable ISDB-T to support multiple services, the ISDB-T standard considers band segmented transmission OFDM (BST-OFDM) as a key technology, where the ISDB-T channel is divided into 13 segments for flexible spectrum allocation [2] .
Since the ISDB-T transmission system is based on OFDM, it is vulnerable to various impairments such as carrier frequency offset (CFO) and sampling frequency offset (SFO). If not properly estimated and compensated, they are very harmful to the performance of the OFDM receiver [7] , [8] . The estimation of CFO and SFO has been the focus of a considerable number of studies in the literature, ranging from maximum likelihood (ML) to linear estimators [9] - [17] . The ML scheme is widely used to achieve high accurate estimation of CFO and SFO. However, its computational burden is extremely high, which limits its use in practical implementation [9] - [11] . To ease complexity, significant attention has been focused on a low complexity estimation of CFO and SFO [12] - [17] . In the ISDB-T system, several types of pilot symbols are provided for CFO and SFO synchronization such as scattered pilot (SP), continuous pilot (CP), transmission and multiplexing configuration control (TMCC), and auxiliary channel (AC). The pilot configuration over the entire bandwidth varies depending on whether a segment is differentially or coherently modulated. In this case, it is therefore essential to develop the frequency-offset estimation method that is capable of handling the segment-dependent pilot configuration in the BST-OFDM system, while the direct application of the conventional pilot-aided estimation scheme [14] - [17] to the ISDB-T system can result in performance degradation.
In this paper, a complexity-efficient SFO estimation scheme is proposed in the BST-OFDM based ISDB-T system. Since the number of available SPs is limited with increase in the number of segments using differential modulation, the performance degradation of the conventional frequency-offset estimation scheme is inevitable. To efficiently cope with a segment-dependent pilot configuration in the ISDB-T system, we propose the SFO estimation scheme that works well with a limited number of SPs. For verification of the proposed scheme, the mean squared error (MSE) of the estimated CFO and SFO is theoretically derived. It is shown via numerical simulations that the proposed SFO estimation method exhibits a better performance than the conventional SFO estimation scheme, while a small performance degradation in the CFO estimation is introduced because of a reduced number of SPs.
The rest of the paper is structured as follows. Section II describes the signal model in the BST-OFDM system. In Section III, an efficient frequency-offset estimation scheme suitable for the ISDB-T system is proposed and its MSE is derived. Section IV provides the simulation results verifying the performance of the proposed frequency-offset estimation scheme. Conclusions are given in Section V.
II. SIGNAL MODEL
Consider an OFDM system with N = N u + N n total subcarriers which consist of N u usable subcarriers and N n null subcarriers. In the time domain, a guard interval (GI) with a length N g is appended before the front of the inverse fast Fourier transform (IFFT) output to form the time-domain OFDM symbol, which eliminates inter-symbol interference (ISI). Therefore, the duration of one OFDM symbol is N s T s , where T s is the sampling interval and N s = N + N g . Since the focus of this work is on developing an improved frequency-offset estimation scheme in the frequency domain, we assume that the receiver has perfectly compensated for symbol timing offset and has successively performed coarse CFO estimation in the time domain.
With those implications in mind, it is safely assumed that a small frequency offset exists during the post-FFT stage. Denote c and s be the normalized CFO and SFO by the sampling rate 1/T s , respectively.
After FFT demodulation, the l-th received OFDM symbol at subcarrier k appears as [16] , [17] 
is the zero-mean additive white Gaussian noise (AWGN) with variance σ 2 Z , and C l (k) is the zero-mean inter-carrier interference (ICI) with variance given by
For small values of CFO and SFO, ϑ(k) is close to unit and the variance of ICI can be approximated as
In the ISDB-T system, the total bandwidth is equally divided into 13 segments, where different segments can support different modulation and coding schemes. Table 1 summarizes the main transmission parameters in the ISDB-T system, where N d and N c are the numbers of segments of differential and coherent modulations, respectively, meeting that N c + N d = 13. The order of segments starts with segment 0 in the center of transmission spectrum, which is used in the one-segment mode (partial reception). The successively numbered segments are allocated alternately above and below segment 0. For hierarchical transmission, as shown in Fig. 1 , segments using differential modulation has to be allocated alternately above and below segment 0, whereas FIGURE 1. Segment numbers on the transmission spectrum. segments using coherent modulation are placed alternately above and below segments using the differential modulation. Figure 1 exemplifies the case of N d = 3 and N c = 10. For synchronization purpose, the ISDB-T system equips with some kinds of pilot symbols such as SP, CP, TMCC, and AC summarized in Table 1 . The position and number of pilot symbols vary according to the use of differential or coherent modulation. Note that AC1 is available in an equal number indepedent of a segment type, whereas AC2 is present only in segments of the differential modulation. The SP is primarily utilized to get the channel, whereas the other pilots are considered to perform time and frequency synchronization. Since the number of CP, TMCC, and AC is not sufficient for synchronization in coherent modulated segments, the SP can be used as an alternative solution for reliable estimation. On the other hand, the combination of CP, TMCC, and AC can be used in differential modulated segments. In such a case, the frequency-offset estimation scheme in [14] - [17] , which is based on the symmetrically and uniformly distributed pilots, is not directly applicable to the ISDB-T system. Therefore, some modifications on the conventional pilot-based scheme may be considered. Here, we restrict our attention to the frequency-offset estimation scheme using SPs as pilot symbols in coherent modulated segments.
III. PROPOSED ESTIMATION SCHEME
In this section, a computationally efficient SFO estimation scheme is presented in the BST-OFDM based ISDB-T system. For this purpose, an optimal number of pilot symbols is derived for the SFO estimation method to be implemented with a reduced complexity as well as an improved performance. In addition, we derive the MSE of a reduced-complexity frequency-offset estimator.
A. ALGORITHM DESCRIPTION
We consider that there are a maximum of 2N 2 SPs such that the numbers of positive and negative SP subcarriers are the same, each of length N 2 , which corresponds to when N c = 13 in Table 1 . For notational convenience, the indices sets of the negative and positive SP subcarriers are denoted as
in ascending order, respectively. In the ISDB-T system, two sets are symmetrical each other and SPs are uniformly distributed in successive segments using coherent modulation. Taking into consideration the absence of SPs in differential modulated segments around the center of the spectrum, the indices sets of the reduced negative and positive SP subcarriers can be denoted as {k 1 , k 2 , · · · , k N 1 } and
. As a consequence, 2N 1 SPs are used for the proposed estimation and N 1 is a fundamental design parameter that meets a condition that
Let D t be the periodicity of the SP pattern in the symbol direction and D f be the distance between two adjacent SPs in the carrier direction. The SPs are inserted periodically every D f subcarriers in the carrier direction and the same SP pattern is repeated every D t OFDM symbols. Assuming that the CTF remains the same during D t OFDM symbol periods, the phase difference between two pilots spaced D t symbols apart is used to eliminate the unknown channel. Hence, the pilot-compensated signals can be accumulated as follows
where E X = |X l (k)| 2 = 16/9 is the boosted symbol energy, ρ = N s /N ,H l (k) = H l (k)e jπ(N −1)ϕ(k)/N is the CTF including the time-independent phase rotation,C l (k) denotes the combined ICI expressed bỹ
andZ l (k) denotes the combined AWGN written bỹ
Referring to [15] , l,m can be approximated by
and
where α = 2π c D t ρ + π s D f (N 1 − 1)ρ is a common phase rotation on all subcarriers and
is the subcarrier-dependent phase rotation term. Note that this VOLUME 6, 2018 approximation holds for small SFO. Since
, it follows immediately from (6) and (7) that
and (9) where arg{x} is the angle of a complex variable x. Then, using the arguments of (6) and (7) gives the estimation of CFO and SFOˆ
Noteworthily, the configuration when N 1 = N 2 leads to the conventional scheme using a maximum number of SPs [14] , [15] .
B. MSE EXPRESSION
In order to decide the optimal number of pilot symbols used in the proposed scheme when considering the absence of SPs in differential modulated segments, we derive the MSE of (11) . For notational purpose, l,m can be written more conveniently as
, m = 0, 1 (12) where
Since the SPs are boosted by a factor of 4/3, for typical values of small frequency offsets and high signal-to-noise ratio (SNR) conditions, the ICI and AWGN powers are very small compared to the pilot power. Therefore, it is reasonable to assume that Using (11) and (13), the estimation error of SFO can be formulated bŷ
Recognizing that E{Ĉ l,m } = E{Ẑ l,m } = 0, the MSE of (14) can be simply obtained as
. (15) By assuming that the channels H l (k) and H l (k + D f ) are statistically uncorrelated, one can find from (4) that
which can be further simplified to
Similarly from (5), we have (12) is a central chi-square distributed random variable with 2N 1 degrees of freedom, it is readily (16)- (18) into (15), we obtain the final MSE as follows where
z is the SNR, and
for relatively large N 1 , and other parameters are a priori known so that they can be treated as a constant. Therefore, the portion that depends on design parameter N 1 is extracted from (19)
To find N 1 that maximizes f (N 1 ), by differentiating f (N 1 ) over N 1 and forcing to zero, a solution to give a minimum MSE of the SFO estimator can be computed as
which is needed to round to the nearest integer. It is worthwhile to mention that the MSE performance in (19) depends on the SP configuration such as N 1 , N 2 , D t , and D f . For a selected value of N 1 , similarly, the MSE of the estimated CFO takes expression
where the ratio between the numbers of SPs used in the conventional and proposed schemes is N 2 /N 1 = 1.5N 2 /(N 2 + 1) ≈ 1.5 such that about 1.7dB loss over the conventional scheme can be unavoidable in the case of CFO estimation.
IV. SIMULATION RESULTS
In order to verify the advantages of the proposed estimation scheme, the performance is evaluated for the ISDB-T system with parameters summarized in Table 1 . The signal bandwidth is 6MHz and the sampling time is T s = 63/512µs [2] . The six-path Typical Urban channel is considered whose maximum delay is 5µs [18] . In the simulations, the effect of time selectivity due to mobility is not considered to confirm the validity of theoretical analysis. The conventional scheme corresponds to the case using 2N 2 SP subcarriers so that N 2 = 58 and N 2 = 117 are used for 2k and 4k modes, respectively. The MSE performance of the proposed SFO estimator versus N 1 for various values of SNR when c = 0.02 and s = 20ppm is shown in Fig. 2 . The optimal N 1 is selected from (21) so that N 1 = 39 for 2k mode and N 1 = 79 for 4k mode. Regardless of SNR, we can see an excellent match between the theoretical results (lines) and simulated results (symbols). Hence, it is evident that the optimal N 1 obtained from (21) exactly coincides with that from the simulations. Since the proposed SFO scheme is equivalent to the conventional SFO scheme when N 1 = N 2 , it is found from Fig. 2 that the performance of the proposed estimation using optimal N 1 is slightly better than that of the conventional estimation scheme using N 2 . Figure 3 depicts the MSE of the SFO estimators for various values of N d . In light of the number of SPs in one segment, the optimal N 1 can be used for the segment configuration with N d ≤ 3. When N d > 3, an available number of SPs are reduced below the optimal N 1 because of the absence of uniformly distributed pilots in differential modulated segments. For instance, a maximum available number of SPs becomes 35 and 72 for 2k and 4k modes, respectively, when N d = 5. In the 2k mode, fortunately, a performance gap between the SP configurations using N 1 = 35 and N 1 = 39 is insignificant, which is also observed in the case with 4k mode as shown in Fig. 3 . This is one of the major cons of the proposed SFO estimation scheme. Fig. 3 . As the number of SPs N 1 decreases, the proposed CFO estimator gradually loses its capability to estimate the frequency offset, which is expected. On the other hand, a complexity saving of about 32.5% can be achieved when N 1 = 39 and 79 are used for 2k and 4k modes, respectively, compared to the conventional scheme. We also see that the performance difference between the proposed CFO estimators performed when N d = 3 and N d = 5 is negligible.
V. CONCLUSION
In this paper, we proposed a computationally less intensive SFO estimation scheme in the ISDB-T system using BST-OFDM. An improved SFO synchronization algorithm is proposed considering the variant pilot configuration depending on the modulation type used in the ISDB-T system. In doing so, an optimal number of SPs is chosen for the SFO estimation scheme to have a low computational burden as well as a comparable performance, compared to the conventional scheme. Simulation results showed that the proposed SFO estimation scheme benefiting from optimal number of SPs performs well with less computational overhead, whereas a slight degradation in the CFO estimation accuracy is observed. Future work will focus on investigating the feasibility of the use of optimal subset under various channel conditions, especially including the effect of time selectivity of the channel.
